The present paper concerns with studying experimentally the mixture of gas-solid (air-coal) flows in a Venturi meter in an attempt to prepare a metering tool for suspended gas-solid mixture flows. The different parameters that affect the gas-solid mixture flows metering process were determined and analyzed. In order to conduct the study, an experimental set-up was designed and manufactured in the laboratory of the thermal power engineering in Menoufia University. Furthermore, seven nonstandard (long-throated) geometrical Venturi models with different diameters ratios and throat lengths were selected guided by previous literature and manufactured to be used in the present experimental work. Additionally, the experimental study was performed on the selected models to determine the effect of different Venturi meter geometric models on pressure drop sensitivity, pressure recovery, and to seek a viable method for determining loading ratio for suspended gas-solid flows in the Venturi. The results showed that the coal loading ratio affected greatly and positively both the pressure drop and recovery ratios of air-coal mixture flows in the Venturi. However, inlet and exit geometries of the Venturi had smaller effect on the pressure drop and recovery ratios than the coal loading ratio and particles diameter range. Additionally, decreasing the diameters ratio and increasing the throat length improved the Venturi pressure drop sensitivity to solids loading. Finally, the experimental results helped greatly to analyze the different parameters concerning the air-coal mixture flows in a Venturi meter and provided an insight on the feasibility of using the Venturi as a metering tool for suspended gas-solid mixture flows in a future continuation of the present work.
∆P G1 Air pressure drop between the Venturi inlet and its throat.
∆P G2 Air pressure recovery between the Venturi exit and its throat.
∆P TP1 Air-coal pressure drop between the Venturi inlet and its throat.
∆P TP2 Air-coal pressure recovery between the Venturi exit and its throat.
∆P TP1 /∆P G1 Pressure drop ratio.
∆P TP2 /∆P G1 Pressure recovery ratio. ρ c Coal density.
INTRODUCTION
Metering of solid flow rates in gas-solid flow mixtures has become increasingly vital in several of the chemical and energy-conversion industries. Moreover, measurement of the mass flow rate of pulverized coal in power plant pipelines is a key technology for the safety, economical operation, process performance and control of coal-fired MP Proceedings of the 18 th Int. AMME Conference, 3-5 April, 2018 boilers. Using a Venturi for metering a single phase fluids (gas or liquid) has been extensively investigated and standards have been adopted to measure the flow rate with a high degree of accuracy. However, the challenge is to extend the Venturi use to meter two phase (gas-solid) flow rate with acceptable accuracy degree. The advantages of a Venturi meter in metering two phase flow rate include its simplicity and low cost. Numerous researchers have studied experimentally and theoretically the use of differential pressure flow meters, especially a Venturi for flow rate measurements of solids in gas-particle suspensions. The pressure drop between the Venturi inlet and throat is strongly dependent on the solid particle size and the mass flow rate [1] [2] [3] . Furthermore, the pressure drop is related to solids loading because the quantity of particles present affects the ratio of the particle response time and the gas residence time in the Venturi [4] . Use of a Venturi for practical metering in power station must consider the overall pressure decrease across the Venturi, particle wear on the walls, and the sensitivity required for conducting sensible measurements [5] .
The solid loading ratio in the coal fired power station varies between 0.3 and 1.0 approximately with a usual operating point between 0.3 and 0.5. The variation of the Venturi throat gas velocity is more remarkable. Where, it may indicate a greater energy transfer with the presence of particles. The pressure drop of the gas-coal mixture increases with the increase of gas velocity, solid loading ratio and gas density [6&7]. More recently, the Venturi diffuser section length and angle play an effective role in pressure recovering for the cases of no or light solid loading ratios. However, the effectiveness of the pressure recovery dropped rather rapidly as the solid loading ratio increased. On the other hand, the throat diameter ratio should be less than 0.7 to maintain high upstream pressures. For a larger diameter ratio, the gas-solid mixture is accelerated to higher velocity through the convergent section, and the pressure drop increases sharply [8] [9] [10] . Generally, the Venturi operation is governed by geometric and operational parameters. The geometric parameters include all the dimensions and angles of the convergent, constant-area and divergent tubes. While the operational ones include, for instance, the air mass flow rate in case of single-phase flow and solids loading ratio and average diameter range in case of two-phase flow.
The aim of this study is to perform the following: (1) design and fabrication of an experimental test-rig to prepare a two-phase (air-coal) mixture flows in order to pass it vertically upward through a Venturi tube in a closed loop cycle, (2) seven different geometric Venturi models will be manufactured guided by the previous literature in order to investigate their effects on both single and two-phase pressure drop, pressure distribution along the Venturi axis, and solids (coal) loading ratio, (3) investigating the effect of air mass flow rate on the single-phase (air) pressure drop and the solids loading ratio on the two-phase (air-coal) pressure drop, (4) investigating the effect of particle (coal) average diameter range on solids loading ratio and pressure distribution, and (5) gaining an insight on the feasibility of using the Venturi as a metering tool for suspended gas-solid mixture flows in a future continuation of the present work. (1) is used to supply the required motive air after passing through an air filter (2) . An air tank (3) supplies air steadily at a maximum gage pressure of 8 bars. The air flow is controlled, metered and regulated by a pressure control valve (4), an orifice flow meter (5) and a pressure regulator (6) respectively. The motive air is delivered to a primary flow convergent-divergent (supersonic) nozzle (7), which is placed along the axis of an ejector (8) . The ejector is composed of convergent (9), constant (10), and divergent (11) area sections. Due to the negative pressure at the motive flow nozzle exit, coal or air is entrained to the ejector suction port. The flow rate of coal or air is controlled by a flow control valve (12) which is connected to the main coal reservoir (29) or left 5 Proceedings of the 18 th Int. AMME Conference, 3-5 April, 2018 open to atmosphere. After being well mixed, the air-coal mixture flow is discharged to the Venturi (13) . Moreover, three pressure taps (17) are made in the convergent, throat and divergent sections (14, 15 and 16 respectively) of the Venturi. These pressure taps are connected via pressure hoses (18) to multi-tube manometer (19) to measure the static pressure. The air-coal flow mixture then exits from the Venturi to a two-stage cyclone (20 and 21) for separating the coal which is drained to the secondary coal reservoir (26). The coal (27) is then passed to the main coal reservoir (29) through a flow control valve (28) to make a closed loop. On the other hand, air goes to an exit air tank (22) to pass through an air-coal trap (23) which collects tinny coal dust. Finally, air is discharged to atmosphere via an exit tube (25) after measuring the air flow rate by a Pitot static tube (24). Furthermore, the details of the Venturi geometry used in the experiments and the locations of the pressure taps are illustrated Fig. 2 . The dimensions of seven Venturi geometries are summarized in Table 1 . The coal flow rate is metered using a digital scale and a stopwatch where the mass of the coal reservoir (29) is measured before and after each experiment. The detailed dimensions of the ejector and its convergent-divergent nozzle used in the experimental work are given in previous work of the corresponding author [11] .
EXPERIMENTAL SET-UP AND MEASUREMENT PROCEDURES
The analysis of the uncertainty of the measurements is based on Kline and McClintock method [12] . The accuracies of the different performed measurements are summarized in Table 2 .
RESULTS AND DISCUSSION
The present results concern with showing, discussing and analyzing the pressure distribution along the Venturi axis for two different flows, namely single-phase air flow and two-phase (air-coal) flows. The wall static pressure is measured at three points along the Venturi axis, as can be illustrated in Fig. 2 . The air static pressure distributions along the Venturi axis at different air mass flow rates ratios for seven Venturi geometric models are illustrated in Fig. 3 . It is apparently clear, for all the Venturi models, that there is a remarkable pressure drop in the Venturi throat due to the gradual decrease in the flow area. This could be explained by the fact that, if the flow area is decreased, the velocity will consequently increase for subsonic flow. Hence, the pressure at the Venturi throat will be decreased. Furthermore, the pressure at the Venturi outlet is recovered due to the gradual increase in the flow area (subsonic diffuser). However, the pressure drop from the Venturi inlet to its outlet is smaller than that from inlet to throat because the pressure at the Venturi outlet is recovered due to gradual increase in the flow area (subsonic diffuser). While, the pressure at the Venturi exit is still smaller than that at the Venturi inlet where there is always an unrecoverable pressure drop due to friction. Moreover, it can be seen clearly that increasing the total air mass flow rate, M o air passing through the Venturi resulted in an increase in the static pressure at all points along the Venturi axis which is consistent with previous findings of El-Askary et al. [13] .
In addition, Figs. 4 and 5 illustrate that the Venturi air pressure drop, ∆P G1 and air pressure recovery, ∆P G2 are generally increased, for the seven geometric models, by increasing the air mass flow rates ratio and consequently the air total mass flow rate, M o air . This is apparently due to increasing the flow velocity and decreasing its pressure leading to larger pressure drop as can be clearly depicted in the figures and confirmed by the well-established result that the pressure drop is proportional to the 
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Upward Flow square of the flow velocity. As can be shown in Fig. 4 , Model (1) had the highest air pressure drop because it has the smallest throat diameter (smallest diameter ratio). Furthermore, Model (4) showed the lowest air pressure drop which is attributed to having the largest throat diameter ratio as well. The air-coal wall static pressure distributions along the Venturi axis at different coal loading ratios and particle diameter ranges for seven Venturi geometric models are illustrated in Fig. 6 . It is apparently remarkable that a similar scenario to that previously encountered in Fig. 3 is shown. Nevertheless, the wall static pressure distributions in the case of air-coal flows in a Venturi is correspondingly related to the particle content, namely the particle loading ratio, Z and the particle diameter, D p . Generally, increasing the coal loading ratio had a positive effect on the flow wall static pressure.
However, for some models increasing the particle loading ratio had a negative effect on the wall static pressure of the throat. A possible explanation for this behavior is the non-standard Venturi geometry represented in the long throat. When the Venturi throat is increased, the gas momentum lost in accelerating the particles is increased due to increasing both the gas residence and the particles response times in the throat. This loss of momentum of the gas manifests itself as a pressure loss. Furthermore, decreasing the particle diameter increased the wall static pressure in most of the geometric models as well. Nevertheless, for geometric model (3) decreasing the particle diameter decreased the wall static pressure. A possible explanation for this opposite behavior is that decreasing the particles size has two opposite effects on the momentum transfer from the gas phase to the solids phase. The first one is that as the particles size decreases they become larger in number and hence require more drag. The second, decreasing the particles size diminishes the slip velocity between the two phases as a result of gravity force effect, which in turn decreases the drag force. 6 . Air-coal wall static pressure distribution along the Venturi axis at different coal loading ratios and particle diameter ranges for seven experimental models.
Figures 7 and 8 depict the influence of coal loading ratio on pressure drop ratio for seven different geometric models for two coal diameter ranges (75-250µm) and (250-600µm) respectively. It is worth noting that the Venturi differential pressure is correspondingly related to the particle content. In other words, the pressure drop ratio increased with increasing both solid loading ratio and solid particles diameter. Increasing the coal loading ratio enhances the momentum transfer from the gas phase to the solids phase. The gas phase becomes less kinetic due to accelerating the solid particles and consequently the pressure drop ratio increases in response.
The particle concentration increases with increasing the solids loading ratio, which enhances the collision of the particles and the friction between particles and wall resulting in an increased pressure drop. For nearly constant coal loading ratio, the number of the smaller solid particles is higher than that of the larger ones and consequently the total surface area, which results in a larger drag force. Therefore, the momentum exchange increases as the particles size decreases. The smaller particles gain momentum at a higher rate as they respond faster to the gaseous flow. Similarly, Figures 9 and 10 depict the influence of coal loading ratio on pressure recovery ratio for seven different geometric models for two coal diameter ranges (75-250µm) and (250-600µm) respectively as well. Moreover, the pressure drop and recovery ratios varied linearly with the particle loading ratio. Fig. 7 . Effect of coal loading ratio on pressure drop ratio for seven different geometric models for coal diameter range of (75-250µm).
Fig. 8.
Effect of coal loading ratio on pressure drop ratio for seven different geometric models for coal diameter range of (250-600µm).
Fig. 9
Effect of coal loading ratio on pressure recovery ratio for seven different geometric models for coal diameter range of (75-250µm).
Fig. 10
Effect of coal loading ratio on pressure recovery ratio for seven different geometric models for coal diameter range of (250-600µm). MP Proceedings of the 18 th Int. AMME Conference, 3-5 April, 2018 
CONCLUSION
The following items could be summarized:
1) The geometry of the Venturi is very crucial factor to improve differential pressure measurement precision and ensure stable measurements in metering gas-particle twophase flows.
2) The air pressure drop and recovery displayed nearly a curvilinear relation with the air mass flow rates ratio. However the pressure drop and recovery ratios displayed a linear relationship with the solid loading ratio.
3) The non-standard Venturi geometry (long throated) increased the gas residence time, which consequently increased the momentum exchange from gas to particles. 4) The air pressure drop of the Venturi was dominantly determined by the throat diameter.
However the air-coal pressure drop ratio depended significantly on the throat length in the conducted experimental ranges. 5) The air-coal pressure drop and recovery ratios of the Venturi were greatly affected by the coal loading ratio and the particle mean diameter. 6) The Results provided a basis for further experimental study on preparing state-of-theart calibration correlations for metering air-coal mixture flows.
